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THE  MISSION  OF  AGARD 


The  mss^ion  of  AGARD  is  to  bnng  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology’  relating  to  aerospace  for  the  following  purposes: 

Exchanging  of  scientific  and  technical  information; 

Continuously  stimulating  advances  m the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

Improving  the  coHjperation  among  member  nations  in  aerospace  research  and  development. 
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1 14.  Abstract 

Aircraft  must  be  designed  to  sustain  damage  arising  from  the  impact  of  a vane\y  of  types  of 
projectiles  s>...h  as  military  weapons  and  debris  from  engine  disintegration  Recognising  the 
need  fur  the  collection  and  dissemination  of  infonnation  on  this  topic,  the  AGARD  Structures 
and  Materials  Panel  has  set  up  a Working  Group  on  the  Impact  Damage  Tolerance  of  Structures 
charged  with  the  task  of  producing  a Design  .Manual.  A socialist  meeting  was  held  in  Ankara, 
Turke»'  ii;  September  1975  and  tht  conference  proceedings  have  been  published  .s 
AGARD-CP-186. 

Two  further  papers  were  presented  to  a private  session  of  tlie  Working  Group  in  April  1976. 
The  paper  by  Messrs.  Bristow.  Davidson  and  Gerstle  reviews  some  recent  research  into  the 
application  of  fragment  impact  studies  to  an  understanding  of  engine  burst  fragment  impacts 
and  the  initial  development  of  an  engine  buist  containment  system.  The  paper  by  Dr  Huang 
described  a method  of  an.alysis  of  a battle-damaged  structure  using  the  NASTRAN  structural 
analysis  program  supplement ’d  by  prepro.essors  designed  to  aulomaticalh  generate  input  c'ala; 
a “patching  technique”  is  then  used  in  the  development  of  a finite  element  model  trul\ 
j representing  a battle-damaged  structure. 
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Aircraft  must  be  designed  ro  s.tstiin  dama«e  arisii'.g  from  the  imr>?ct  of  a variety  of 
typtnt  of  projectiles  such  as  military  weapons  and  debris  from  engine  disintegration.  Re- 
cognising the  need  for  the  collect.on  and  dissemi.'tation  of  information  on  this  topic,  the 
AGARD  Structures  aisJ  Materials  Panel  has  set  up  a Working  Group  on  the  Impact  Damage 
Tolerance  of  Stiuctur.'s  charged  with  the  task  of  producing  a De*>gn  Manual.  To  stimulate 
the  collection  of  daU  a specialist  meeting  was  held  in  Ankara,  Tu;-I:ey  in  Septen<ber  i97S 
and  the  conference  proceedin,gs  have  teen  poblisletd  as  AGARD-CP-186. 


Two  further  papers,  which  became  availahl;  too  I ite  to  be  presented  at  this  meeting. 
Were  presented  to  a private  sessio.i  of  t.nc  Wor/ing  Groun  in  April  1 976.  These  were  well 
received  by  the  audience  at  th-.s  session:  it  was  eonsiderc  I that  thev  would  be  of  immediate 
value  to  those  ccncerncd  with  the  problem  of  impact  damage  tole.  ice  and  therefore  this 
AGARD  Report  has  been  published  to  give  them  wider  circulation. 


The  paper  by  Messrs.  R.J. Bristow.  C.D.Davidson  and  J.H.Gerstle  on  “.-vdvances  in 
Engine  Burst  Containment”  reviews  some  recent  research  into  the  .application  of  fragment 
impact  sti'.dic-s  to  an  understanding  of  engine  burst  fragment  impacts  and  the  initial  develop- 
ment of  an  engine  burst  containment  system.  The  paper  by  Dr.  Pao.  C Huang  on  "Finite 
Eliment  Applications  to  Battle-Damageu  Structure"  describes  a method  of  analysis  of  a 
battle-damaged  structure  using  the  NASTRAN  structural  analysis  program  supplemented 
by  preprocessors  designed  to  automatically  generate  input  data;  a "patching  technique”  is 
then  used  in  the  development  of  a finite  element  model  truly  repiesenting  a battle-damaged 
structure. 
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IThia  paper  pi'osen't  a partial  review  of  recent  research  by  The  Boeing  Coapany  Into  the  application 
of  fragrsent  lapact  studies  to  an  understanding  of  engine  burst  fragaent  lapacts  and  the  Initial  develop- 
; aent  of  .m  engine  burst  contalnarent  syatea  using  duPont  Eevlar  material.  All  tr-t  w^'rk  to  date  has  in- 

volved translational  accelerators  but  spin  pit  testing  Is  planned  for  the  near  uture.  The  progras.  has 
not  yet  resulted  In  a saa.tcfactcry  cotitalnaant  systea.  However,  It  Is  b<  ped  that  the  basic  data  accuaulated 
Mill  provide  ibr  building  blocks  In  the  developaent  of  design  criteria  f >r  such  a systea. 


In  addition  to  a sifisisry  of  prograa  accoapllshstents,  this  paper  delves  Into  several  areas  where  un-  I ' 

expected  results  occurred  and  where  Information  was  '’’jtalned  that  aay  Influence  future  fragaent  containment  1 

efforts.  One  of  these  ereis  /involves  spinning  fragae.ts.  None  of  the  predicted  adverse  effects  on  Kevl.  r | > 

fabric  were  found.  Another  area  concerns  theraal  effects.  It  was  found  t.Tat  the  efficiency  of  the  barrier  f 

In  stopping  fragments  vjts  Influenced  by  the  tesperature  of  the  Kevlar.  I 


INTRODUCTION 

Since  the  early  .\960'(i,  a group  at  Boeing  has  been  Involved  In  the  study  of  lupacc  pheno-aenology  and 
Beans  to  control  the  reSuKlng  daxage.  These  studies  have  ranged  from  swteorold  protection  vlth  test 
velocities  of  up  to  32,000  fps  down  to  free-falling  rocks  with  test  velocities  as  low  as  1C  ps.  dirlng 
this  period,  suny  sh.'eldlrig  concepts  were  developed.  The  usual  nethod  was  to  perfors  a nuaber  of  piraaetrlc 
testa,  describe  the  d..'Bagu  (or  other  paraaeter  of  Interest,  in  terM  of  a aathcsatical  aodel  lnvolv>ng  pro- 
jectile, target,  lnt(.ti<vt  and  envlronaenta*  characteristics.  The  resulting  aodel  was  then  used  to  optlulre 
the  shield  design  or  to  develop  desig..  crli>  rla. 

l.lgl\twetght  shields  acre  found  to  requltr  tuo  properties:  shear  resistance  locally  aroun,'  the  ispact 
point  and  tensile  strength  to  bring  the  fragment  to  a stop  afi:er  tkt  initial  iapact.  It  was  also  noted  that 
both  tensit*  and  shear  nttength  requireaeuts  i-.^uld  be  redjccd  by  using  a shield  aatcrial  with  good  elasticity. 
Keevlnf.  thes>'  requireaetitj  (r.  Bind,  blast  container  weights  were  reduced  by  substituting  fiberglass  fabric 
for  Che  normal  steel  shield  ciaterlal.  (Elasticity  was  Increased  by  designing  the  overall  .ontaincr  to  ’’give" 
locally.)  Vhlle  the  fiberglass  ves  found  to  be  very  efficient  for  containing  blast  waves  and  residual  gases, 
its  poor  bending  and  ctit  resista-icc  aadc  U unsuitable  fot  contalnl’ig  fragments.  Nylon  was  found  to  -«ve 
good  saall  fragment  st>  pplng  ability,  but  lacked  the  t-Hisile  strenKth  rcqulrcni  to  contain  blast  waves  or 
larga  fragments. 

Currently,  a new  furlc  Is  c c iovestlgate>.  ITUs  uev  fabric,  called  "Kevlar”  by  its  manufacturer, 
duPont,  is  receiving  vide  public,,,  .d  appears  destln.;-d  to  find  a nu:d>er  of  military  and  coaDerclal  appli- 
cations. The  purpose  of  this  paper  tv  suamarize  the  results  of  Boeing’s  study  of  the  abi.ity  of  Kevlar 
to  stop  fragments.  Potertial  uses  v<  .^suiting  shie'ds  would  be  to  protect  explosive  storage  tanks,  to 
contain  Itagaznts  Iron  burst  electrical  po^er  generating  turbines  in  c ationary  nuclear  power  slants,  and 
for  ..so  as  shields  against  the  blast  anl  fragments  of  HE  warheads.  C parti  ular  Interest  to  ICAXD  would  >-c 
tt.e  use  of  lavlar  shields  around  jet  engines  to  contain  fragments  ip  the  case  of  .an  >nglnc  burst  due  to 
battle  damage.  The  sizer  and  shapes  of  fragments  arc  quite  vari.ablc  iepend.'.ng  on  tl  o type  of  engine  and 
the  failure  mode.  Typer  of  disc  failure  modes  arc  sfown  in  Figure  i . Figure  2 is  a photo  of  some  of  the 
resulting  fragments- 
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BAaCROUND 

In  1966,  Boeing  carried  out  ballistic  containment  teals  on  titanium  to  provide  localized  shielding  on  ] 

the  Boeing  737.  In  197»,  tests  were  Initiated  to  find  a w.  >cn  roving  fiberglass  configuration  to  protect  a 

helicopter  fuselage  from  engine  blade  failures.  Ttic  woven  roving  snields  were  retained  until  the  engine 

manufacturer  rectified  the  blade  weakness.  In  1972,  the  ntept  of  a lightwct;ht  flexible  energy  absorbing 

barrier  utilizing  a fabric  vss  conc,-lved.  The  concept  was  'or  the  barrier  to  pc.'form  in  a manner  similar 

to  a net,  giving  on  iapact  and  then  absorbing  the  energy  In  tensile  loading  of  the  fibers.  A scries  of  ^ 

ballistic  Iapact  tests  was  carried  out  on  "S”  glass  fabric  shIc.Js  and  while  the  results  were  encouraging.  j 

they  were  inconsistent.  This  inconsistency  was  due  to  the  suscc' .Ibll Ity  of  the  aonofllasent  glass  to  * 

handling  damage  and  the  poor  cut  resistant  properties  of  the  filaments.  ^ 

As  a rnvult  o'  a material  search,  the  duPont  material  Kcvlwr  wa»  proposed  since  Ir  showed  good  acehinl- 
cal  properties  (Table  1).  The  majority  of  Boeing  activity  since  h«s  been  based  on  Kevlar  material,  and  this 
paper  prlaarlly  deals  with  work  done  In  the  containaent  field  w'.n  this  arisld  fiber. 
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Shl«ld  Pt«ttn  Approach 

Htay  balllscXc  barticrs  hftvc  b««n  developed  In  the  put.  However,  theu  dcvelopwcnce  have  generally 
involved  aclid  barrier  utcriala.  By  ulng  flexible  fabric  uteriala,  a uuaber  of  addicloMl  variables 
were  Introduced;  type  of  weave,  fabric  stretefc,  layer  intaractlona.  restraint  of  individual  fibers  around 
(K/  SMirrier  periphery.  To  investigate  all  of  theu  varlabler  in  a spin  pit  would  be  ecoiKNiically  pro- 
hibitive. For  this  reasoc,  it  wu  plamed  that  the  ujority  'it  the  developaent  work  wjuld  be  conducted 
in  a ballistic  Inpsct  laboratory  ud  that  developaont  would  proceed  along  lines  established  for  solid 
harrlcra.  In  addition  to  econoiUcs,  the  ballistic  lab  approach  bad  the  advantascs  of  gnatcr  control 
over  fragaent  sizes,  velocities  and  iapact  angles. 

In  the  inpact  laboratory,  the  aany  containaent  shield  configurations  could  be  reduced  to  the  best 
two  or  thru  which  could  then  be  spin  pit  tested.  The  sptn  pit  would  only  be  used  to  validate  and  coo- 
fire  the  laboratory  results  and  to  lapart  to  the  fragnent  a rultstic  roCctlonal  velocity. 

The  early  shield  designs  were  corrugated  with  variation  in  the  depth  sod  spaccing  of  the  corrugations. 

A face  plate  of  .028  CICS  shut  was  provided  and  the  corrugitions  were  held  in  position  by  wira.  flat 
shields  were  also  designed  of  Kevlar  and  iapact  tested.  Tho  containaent  perfonatr.ee  of  this  flat  shield 
when  based  on  a weight  per  unit  area  was  found  to  be  equally  effective  to  the  corrugated  type  shield. 

Since  the  flat  shield  was  less  costly  to  aanufacture  and,  also,  had  Installatlonal  advantages,  tlK'  re- 
asinder  of  the  receut  shield  developaent  prograa  was  based  on  the  flat  design  configuration.  The  other 
variables  that  were  investigated  Included  varying  the  shield  welghf  . the  material  weave,  the  effects  of 
iuevlar  ballistic  felt  and  the  effect  of  locating  acoustic  lining  bciind  the  shield.  In  addition,  barriers 
were  tested  v'.tb  matrix  around  the  Kevlar  such  that  the  barrier  coui^  replace  sou  of  the  existing  struc- 
ture. Altogether,  these  were  over  20  different  ohield  design  confl^iratlons. 

Test  Equipaent 

The  layout  of  the  iapact  test  facility  which  is  shown  schesdtical 'r  in  Figure  3 and  by  photo  in 
Figure  A was  used  for  the  shield  testing;  it  consisted  of  a 2.S  or  6 In.  dtaaeter  bore  launching  barrel, 

60  lu.  lo^g,  with  a thrcadttd-on  breach.  The  projectile  to  be  launched  (Figure  S)  wan  placed  in  a aabot 
assubly  and  loaded  Into  the  barrel.  The  Iapact  velocity  was  varied  by  the  weight  end  type  of  powder 
charge.  The  launcher  auzzlc  exterded  into  a plenua  where  the  buri<ed  gaaes  were  vented  and  a trap  was 
I Incorporated  to  retstraln  the  sabot  halves.  As  the  projectile  traveled  downrsn^e.  it  pasud  through  two 

printed  electrical  ktreclt  ahecte.  spaced  two  feet  apart,  triggering  the  circuit  of  the  electronic  velo- 
city asaly:.er.  The  iapact  chaaber  had  a aovable  steel  cover  with  an  acrylic  window  to  provide  access  for 
I aountins  of  the  shields  snd  vlewi.'ig  ports  for  photography.  The  projectile  travel  froa  auzzlc  to  shield 

was  approxiaately  10.0  ft. 

The  (esidual  velocity  of  the  projectile  was  uasured  by  the  nuaber  of  witness  sheets  penetrated, 

(Figure  6 shows  witness  sheers  and  a ’’flat”  shield  aoupted  on  its  support  bracket). 

A aetal  block  was  used  to  slaulate  the  fragamt  and  was  varied  froa  a 3/A  In.  to  3 in.  cube  with 
variations  such  as  changing  the  aspect  ratio  (1x1x3)  and  -nanging  its  density  by  using  different 
asterials.  The  reasons  /or  using  a cube  were  that  it  has  a cutting  edge  which  would  aore  represert  engine 
fra^ents  than  a sphere,  is  essy  to  aanufacture,  and  is  inexpensive.  It’s  size  can  be  varied  easily  to 
reprv'ent  different  size  fragments.  Also,  the  compact  shape  of  the  cube  resulted  in  reasonably  consistent 
test  data.  It  was  the  intent  to  iapact  the  shield  at  energy  levels  and  velocities  which  would  be  expected 
froa  an  engine,  c.g. , no  blade  velocities  in  excess  of  1200  fps  and  no  blade  root  velocity  grc;ater  than 
900  fps. 

Test  Besults 

Figure  7 shows  the  containw-nt  perforaance  of  Kevlar  shields  for  two  projectile  sizes,  plotting  shield 
weights  (uninstalled}  against  contalr.f  energy.  Also  shown  are  the  containaent  imergy  levels  for  other 
ataterials  froa  tests  done  prcviou.,ly  by  other  agencies  and  Boeing.  These  results  reflect  the  flat  shieli 
; configuration.  It  was  cstablis!ied  that  the  corrugated  type  shield  and  the  varying  types  of  aaterlal  weave 

I showed  no  advantage.  A balli<cic  fcit-faecd  shield  shoved  about  3Z  laproveaent  which  is  within  the  data 

scatter.  The  placing  of  acoustic  lining  aatcrial  (either  polviside  or  aluainua)  behind  the  shield  shoved 
no  significant  change  In  containaent  perforaance. 

Eaplrlcal  .’todcl 

rapiri.al  and  seel-eaplrlcal  aodels  have  been  developed  in  tlie  past  for  aany  types  of  iapact  phenoacna; 
armor  plate,  structural  damage.  m>  tcoroid  Impact,  and  hall  to  aention  only  a fev.  These  aodels  have  beun 
found  to  be  extreaely  useful  in  designing  and  optiaizlng  hardvare  associated  with  the  phenoaena.  For  this 
reason,  an  eaplrlcal  wdet  vas  developed  to  represent  the  laboratory  containaent  barrier  data. 

The  basic  barrier  test  data  vas  first  plotted  as  a function  of  a barrier  layer  and  vitness  sheet  pene- 
tration as  shovn  In  Figure  8.  (The  vitness  sheets  vere  a set  of  1/16  Inch  aluainua  plates  placed  behind  the 
test  barrier.  Enough  plates  verc  used  to  assure  tlut  the  cube  prejectlle  would  stop  somewhere  In  the  set.) 
The  point  where  the  typical  "S"  shaped  curve  crosses  the  boundary  tatveer.  barrier  and  witness  sheet  penetra- 
tion Is  the  ballistic  Halt  (incipient  penetration  completely  through  the  barrier). 


An  eaplrlcal  aodel  wa<  then  developed  co  express  the  ballistic  Halt  as  a (unction  of  several  of  the 
aost  iaportant  variables;  fragaent  sixe>  velocity,  lapact  angle  and  nuaber  of  layers  of  Kevlar.  The  re- 
sulting aodel  uas: 

W - A\'^  (slnO)*^^  -B 


where  W - areal  density  of  Kevlar  - Ib/ft 

- 0.067  !(,!(■  nuaber  of  Ksvlar  layers 
(V.6  oz/yd^  fabric) 

V « lapact  velocity  at  ballistic  Halt  - fps 

D • cube  size  - inches 

e “ lapact  angle  aeasurni  froa  cube  fll.^t  path  to 
barrier  surface 

A 4 B - Constants 

In  orde''  to  aake  the  aodel  aore  usable,  the  noaograa  of  Figure  9 df^eloped.  Knowing  the  frngaent 
size,  velocity  ao-l  lapactlng  angle,  the  Figure  9 noaograa  aakes  It  very  easy  to  deteralne  the  nuaber  of 
Kevlar  layers  required  to  scop  the  fragaent. 

Ckice  a aodel  such  as  the  one  above  has  been  developed,  it  ‘.s  useful  to  exaalne  the  variables  In  detail. 
The  barrier  wc.ght  Is  seen  to  depend  on  the  square  of  the  velocity  of  the  fragaent.  This  appears  reason- 
able since  Che  flasaent  kinetic  energy  depends  on  the  square  of  the  velocity.  However,  the  aodel  shows 
that  the  depcndeni.,?  on  fragaent  size  is  only  the  3/4  power  of  the  cube  diaenslon.  This  would  Indicate  a 
dependence  on  >sass  of  only  nass  to  the  1/4  power.  In  other  words,  the  barrier  wc.^ht  Is  not  strongly 
dcpe&vznt  on  fragaent  aass.  An  Increase  In  fragaent  nass  by  a factor  of  lb  would  require  a barrier  weight 
Increase  of  only  two. 

Sp  Inn  lag  Fracaients 

When  an  engine  bursts  the  resulting  fragaents  have  both  linear  and  rotational  energy  coaponents.  The 
ratio  of  these  types  of  energy  varices  froa  all  rotational  for  a coaplete  disc  to  virtually  all  linear  for 
a £sall  rla  fragaent.  it  hns  lon^  been  felt  by  sow  Investigators  that  the  fragaent  spin  responsible  for 
the  rotational  energy  would  sev.trely  Halt  the  usefulness  of  fabric  barriers.  They  thrarlzed  that  the 
rapidly  spinning  fragaent  would  act  like  a "buzz  saw"  to  cut  through  the  fibers. 

In  order  to  deteralne  If  s^’in  would  indeed  cause  the  fragaent  to  saw  through  the  barrier,  a test 
scries  was  set  up  In  which  the  projectile  was  aade  to  spin  before  hitting  the  barrier.  This  was  . coey- 
.Ished  by  placing  a V'  wooden  raap  In  front  of  the  barrier.  U;on  hitting  the  r.vap,  the  edges  of  the  cube 
projectile  dug  into  the  wood  end  caused  the  projectile  to  roll  up  the  raap.  The  resulting  spin  rate  was 
deduced  froa  high-speed  aotion  pictures  (uoraaliy  10.000  fraacs  per  second! . Figure  10  shows  the  results 
of  soae  of  the  testing.  Considerable  scatter  Is  shown.  However,  with  sptr  cates  varying  froa  9000  to 
24.000  RFK.  o degradation  In  barrier  efficiency  was  found. 

In  a coaplete. y different  type  of  teat,  soae  of  the  effects  of  spinning  projectiles  were  also  noted. 

In  this  test  scries,  the  effects  of  projectile  gconctry  were  being  studied.  The  cube  projectiles  were 
replaced  by  rods  one  by  one  by  two  cr  three  tnehes  long,  fired  end-way.  Inu  the  target  as  ehown  In 
Figure  11.  This  rotation  was.  In  effect,  a high  speed  spin  by  thr  tine  the  rod  stopp»d.  as  shown  in 
Figure  11. 

The  conclusion  to  or  drawn  froa  tht.ee  tests,  and  to  be  later  verified  in  a spin  pit.  is  that  spin  has 
little,  tf  anv.  detriaen'al  effect  on  tli«  ability  of  a fabric  barrier  to  «»-jp  fragsents. 

Teaperature  Effects 

in  an  at  tual  Instal lat  lor.,  the  engine  tvmlainacnt  barrier  will  experience  a range  of  tespernturre. 

The  effect  of  ttu^sc  vatlatlonc  under  $tatl>  .onditions  was  known  froa  wore  done  b%  duPont  (Figure  12). 

This  wntrk  tndl.ated  thac  Keviar  pr.^pertles  were  constant  until  a certain  teaper.»turr  Is  reacheC  and  then 
fall  off  gradual.,  at  higher  It  w.vs  -iecided  to  conduct  a gest  to  aake  sure  that  the  barriet 

would  (unction  pruperU  at  the  highest  tcaperature  anticipated.  J20‘'F.  The  results  were  nurprlsing.  In- 
stead of  getting  . Slightly  reduced  ballistic  lloit  .is  expected,  llie  I'.wiar  aaterial  appeared  t.i  have 
better  properties  at  hichcr  teaperatorcs.  Ttr  high  teaiperatorc  t...B  were  expanded  and  Included  soae  at 
cold  teaoaralurcs.  The  results  wr  re  as  shown  In  Figure  1).  Abc-vr  -OOB  teeperature.  the  ballistic  Unit 
stcadllc  iaproved  up  to  about  -20‘’‘.  Above  this  tesperature,  the  cfti.  tenev  of  the  barrier  rapidly  fell 
off. 

It  was  suratsed  that  the  increasing  ballistic  liait  with  teaperature  was  due  to  strain  rate  effects: 
that  strain  rate  effects  increased  (aster  with  teaperature  tiian  the  static  strength  decreased.  In  order 
to  test  this  thecn,  a variable  -pond  tensile  test  aachtne  was  used  Co  deteralne  tlie  properties  of  Kevlar 
.11  different  tcaperaturcs.  The  suchlne  was  capable  of  zirsln  rates  from  O.OS  to  J8.S  In/tn'aln.  The 
results  arc  shown  In  Figure  14.  Strain  rale  effects  do  indeed  appe.ir  Cc.  be  indicated. 
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Conddcrable  aor«  atudy  l«  required,  but  It  uppeara  that  the  variation  in  ballistic  lialt  with  tcap- 
erature  aay  be  used  to  advantage  in  tlie  design  of  barriers.  However,  It  appears  that  tcaperaturc  cycling 
reduces  the  Kevlar  properties  in  soac  as  yet  unknown  Manner.  Figure  13  shows  tests  wherein  test  speclaens 
were  cycled  various  nuabers  of  tlaes  prior  to  test.  In  all  cases  the  capability  of  the  barriei  was  reduced. 
As  shown  In  the  figure,  few  cycling  data  points  arc  available,  hence  there  is  euch  uncerialnt)  as  to  the 
overall  effects  of  teaperature  cycling. 


FUTOKE  P1A.SS 

Ihe  end  objective  of  our  work  a,  Boeing  Is  to  understand  design  criteria  for  a lightweight  engine  burst 
contalnaent  shield.  Present  effort  focuses  on  three  anras;  In,  reused  energy  contalnnent,  attachsent  desl.,n, 
and  spin  pit  verification  of  laboratory  lapact  testing. 

The  Manner  in  which  the  barrier  is  attached  to  the  aircraft  (or  to  itself)  Is  closely  related  to  1" 
stallation  design  probteas.  However,  It  Is  also  laportat.!  for  the  developaent  of  the  barrier  Itself.  It 
has  been  found  that  as  the  size  of  the  fragaent  goes  up.  the  greater  Is  the  dependency  of  the  balllsti.  llBlt 
on  the  Bethod  of  attachaent. 

All  testing  to  date  has  been  with  translational  accelerators  only.  This  year  the  plan  ,s  to  verify 
these  results  in  a spin  pit.  A disc  with  blades  will  be  Bade  to  separate  into  three  cr  four  segeents. 

These  segaents  will  then  lapact  a barrier  which  is  designed  on  the  basts  of  translational  tests. 


coxausioss 

Progress  has  been  n-ide  In  the  developaent  of  technology  for  engine  burst  contalnaent.  However,  a nusber 
of  Major  probleBS  Bust  be  solved  before  a barrier  of  this  weight  can  be  placed  In  an  aircraft.  These  prob- 
lirsts  Include  prActlcal  attachaent  concepts,  teaperature  cycling  degradation,  and  the  ext  rapulat  ton  of  current 
contalnaent  designs  to  the  higher  energy  Icvclit. 
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FINITE  ELEMENT  APPLICATIONS  TO  BATTLE  DAMAGED  STROCTUBE 


Dr.  Pao  C.  Huang,  Consultant 
Naval  Surface  Weapons  Center 
White  Oak  Iiaboratory 
Silver  Spring,  Maryland  20910 
United  States  of  America 


Summary 

This  paper  introduces  a “Patching  Technique" 
for  the  development  of  a finite  element 
model  truly  representing  a battle-damaged 
aircraft.  The  applications  of  preprocessors 
PING  and  BING  to  the  automatic  generation  of 
input  data  for  NASTRAN  ana}yses  are  also 
briefly  shown.  Fina31y,  the  importance  of 
modeling  technique  is  addressed. 


(1)  INTRODUCTION 

The  utilization  of  the  finite  element  method  in  the  design  and  analysis  of  a con^lex 
missile  structure  is  an  important  step  toward  an  optimized  system.  The  great  speed  and 
precision  of  these  techniques  permit  a missile  to  be  thoroughly  and  repeatedly  analyzed 
and  modified,  providing  a more  efficient  weapon  system.  These  same  techniques  are 
perfectly  applicable  to  the  structural  vulnerability  analysis  of  a battle-damaged 
vehicle  which,  in  general,  has  a complicated  configuration  and  requires  detailed  stress 
and  deformation  data.  However,  the  success  of  this  computer  approach  depends  largely  on 
the  modeling  technique  used  to  develop  a Jinite  element  model  which  accurately  simulates 
the  real  structure. 

In  addition,  the  generation  of  such  a model  and  its  associated  data  output  must  be 
quick,  economical,  and  routinized. 

(2)  FINITE  ELEf-tENT  PROGRAM  - NASTRAN 

NASTRAN,  a general  purpose  finite  element  program  for  structural  analysis  developed 
by  NASA,  can  be  used  as  an  example  of  a program  for  which  data  generation  can  be  an 
overwhelming  task.  NASTRAN  is  versatile  and  applies  to  a large  class  of  static  and 
dynamic  problems  as  follows: 

a.  Static  response  to  concentrated  and  distributed  loads,  thermal  expansion,  and 
enforced  deformation 

b.  Dynamic  response  to  transient  loads  and  random  excitation 

c.  Determination  of  real  and  complex  eigenvalues  for  use  in  vibration  analysis  and 
stability  analysis. 


However,  preparing  NASTRAN  input 
Itself,  It  includes  the  layout  of  a 
gener- non  of  element  properties  and 
input  sheets;  and,  finally,  punching 
consuming  and  requires  the  effort  of 
occurrences  of  human  errors  tooether 
analysis  formidable. 


for  a complicated  problem  is  a large  effort  in 
grid  mesh;  calculations  of  grid  point  locations; 
their  connections  to  grid  points;  preparation  of 
of  input  cards.  All  this  work  is  extremely  time 
a team  o:  specialists.  Furthermore,  possible 
with  unavoidable  redesign  cycles  would  make  the 


To  remedy  these  difficulties,  special  input  generation  proareims  have  been  developed 
by  the  Naval  Surface  Weapons  Center,  White  oak  Laforatory  to  automatically  generate 
finite  element  models  and  their  associated  MASTKAK  inpu*-  for  missile  structures. 

(3)  PREPROCESSORS  FOR  NASTRAN 

A Planform  Input  Generator  (PING,  (reference  11  which  can  rapidly  develoo  a finite 
element  model  for  an  arbitrary  wing  planform  of  a missile,  and  a Body  input  Generator 
(BING)  (reference  2]  which  performs  the  same  function  for  any  type  f missile  shell  body 
are  currently,  operational  at  NSWC/WOL,  utilizing  these  t.-c  preprocessors,  a complete 
missile  sucli  as  shown  in  Figure  1 can  be  easily  and  qiicl.ly  generated  for  rigorous 
structural  analyses.  These  two  oreprocessors  contain  m^ny  useful  features  which  can  ‘'e 
utilized  to  facil'tate  the  development  of  a model  to  truly  simulate  a real  missile. 

The  efficxency  of  PING  is  demonstrated  in  Figur * 2 where  a finite  element  model  of  a 
double  wedge,  solid,  sweptbacr.  wing  is  shown  as  an  example.  This  finite  element  model 
has  277  grid  points,  2fi0  plate  elements,  and  1400  degrees  of  freedoir.  PING  was  employed 
in  the  development  of  this  model.  It  only  took  live  manhours  and  a few  seconds  of 
computer  time  to  produce  1137  input  cards  for  NASTRIvK  analysis. 

Without  PING  It  would  take  at  least  360  manhours  to  produce  the  same  number  of  cards 
manually.  Tlie  capability  cf  developina  a finite  eleme"«-  model  rapidly  and  economically 
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is  dQ  essential  requirement  for  such  complicated  work  as  the  vulnerability  study  of 
battle  damaged  structures. 

Figures  3 to  8 show  some  of  the  sanple  finite  element  models  developed  by  PING  and 
BING.  Figure  3 demonstrates  the  useful  feature  of  a mixed  mesh  which  cein  be  used  to 
reduce  the  degrees  of  freedom  in  1/iSS  important  etreas.  Figure  4 shows  a model  of  a 
curved  delta  wing.  Figure  5 illu'^trates  how  patches  with  a circular  or  elliptical  hole 
can  be  used  with  a finer  meih  around  the  hole  for  more  detailed  stress  distribution. 
Figure  6 shows  a wing  with  an  elliptical  hole  which  can  be  developed  in  two  stages. 
First,  a wing  model  without  hole  is  developed  and  the  elements  around  the  hole  are 
removed;  then  a patch  with  the  hole  can  be  developed  to  fit  in  the  ooening.  Figure  7 
shows  a complicated  but  reeilistic  missile  body  generated  by  BING.  It  has  a nose  cone 
and  a cylindricjd.  shell  with  an  engine  housing.  Figure  3 shows  a finite  element  model 
of  a BQM  34A  wing.  This  built-up  w.ng  has  three  spars  connecting  two  curved  par.els. 
Again,  a mixed  mesh  is  used  in  the  wing  panels  to  reduce  Jie  degrees  of  freedom  without 
sacrificing  the  accuracy  in  the  iraporteint  wing  root  area. 

Using  tne  preprocessors  and  NASTRAN,  reliable  analytical  results  can  now  be  obtained 
easily  and  rapidly.  Figure  9 shows  the  good  correlation  of  the  theoretical  and 
experimental  data.  The  latter  were  provided  by  the  Naval  Besearch  Laboratory  from  a 
complete  vibration  test  of  the  actual  missile.  The  theoretical  results  were  obtained  by 
NASTHAN  on  a finite  element  model  developed  by  PING  and  BING.  It  only  took  40  manhours 
to  complete  the  vibration  model  and  1200  seconds  of  CDC  6500  computer  time  to  obtain  the 
first  SIX  vibration  modes.  With  these  powerful  analytical  tools,  elaborate  structural 
analysis  certainly  becomes  practical  in  the  development  of  a complicated  missile  system. 

(4)  PATCHING  TECHNIQUE 

On  a demanding  task  such  as  the  vulnerability  study  of  battle  damaged  structures, 
precise  stress  data  around  the  damaged  area  will  be  required  to  determine  the 
possibility  of  crack  propagation  which  may  lead  to  catastropnic  failure.  Finite  element 
analysis  techniques  wil^l  be  of  great  value  in  famishing  detailed  information  for  such  a 
study.  Therefore,  an  elaborate  finite  element  model  must  be  developed  to  accurately 
represent  the  diunaged  structure.  Using  PING,  this  task  can  be  easily  achieved.  Figure 
10  shows  tne  procedure  for  the  development  of  a damaged  wing  structure.  First,  a finite 
element  model  of  the  undamaged  wine  must  be  generated  end  the  plate  elements  around  the 
damage  removed.  Then  patenes  of  damaged  components  having  smaller  plate  elenvents  can  be 
generated  to  fit  the  cutout.  Finally,  these  patches  are  inserted  into  the  proper 
locations  to  complete  the  finite  element  model  for  the  damaged  wing.  This  modeling 
procedure  is  designated  as  the  "Patching  Technique*.  The  eommo.i  gridpoints  on  the 
cutout  oiundaries  are  not  joined  by  compatibility  conditions  but  by  using  a common 
gridpoint  number,  therefore,  no  constraint  equations  are  required.  This  feature  not 
only  eliminates  many  input  data  cards,  but  also  yields  a much  better  finite  element 
model. 

(5)  AN/iLYSES  OF  BATTLE  DAMAGED  STRUCTURES 

A damaged  BQTl  54A  wing  was  analyzed  by  NAST?Ji!4  under  Ig  loading.  The  finite  element 
model  of  the  undamaged  wing  had  846  grid  points,  349  plate  elements,  and  4602  degrees  of 
freeaom.  Tnis  model  not  only  too.,  into  account  the  curvatures  of  the  skin  panels,  but 
also  tne  varying  skin  thickness.  .^ive  PING  runs  and  approximately  64  manhours  were 
taken  to  complete  this  job.  The  damaged  wing  had  a slot  1.5  inches  wide  in  the  uppei 
skin  panel  and  extended  five  inches  di^gontlly  inward  from  the  front  spar  to  a point 
whe.e  the  middle  spar  cap  was  congileteiy  cut.  In  addition,  all  three  spars  were  damaged 
to  different  degrees.  Using  the  patching  technique,  the  finite  alement  model  for  this 
damaged  version  was  quickly  generated  by  removing  elements  and  adding  patches.  The 
final  model  is  shown  in  Figure  11.  The  NASTPUei  analyses  showed  significantly  higher 
stresses  in  the  root  area  of  the  damaged  wing  than  those  in  the  corresponding  region  of 
the  u'damaged  wing.  However,  the  most  critical  point  was  found  at  the  slot  tip  with  s 
peak  stress  of  10,000  psi  as  indicated  in  the  plot  of  iso-s tress- lines.  The  actual 
damaged  wing  was  tested  to  destruction,  which  occurred  at  a 3g  loading.  A crack  was 
first  formed  at  t.he  tip  of  the  slot  then  propagated  toward  the  wing  root  at  the  rear 
spar.  This  was  adequately  predicted  in  the  stress  contour  plot  whereby  a peak  stress  of 
30000  psi  was  obtained  at  3g  level;  a value  wnich  was  thought  to  be  the  strength  of  the 
material  at  that  state. 

Tne  structural  response  u**  a deunaged  semimonocoque  fuselage  was  analyzed  from  a 
model  by  the  same  patching  technique.  A vertical  slot  between  the  second  and  third 
frames  near  tne  tail  end  was  cut  in  t.he  fuselage  skin.  The  cut  extended  from  the  crown 
down  to  a point  at  108  degrees  on  each  side.  The  patc.h  had  a width  coverino  the  last 
three  Lays  of  the  fuselage  and  a circumferential  length  longer  than  that  of  tne  slot. 

/is  can  i>e  seen  in  Figure  12,  much  smalle-  elements  are  used  in  the  patch  especially 
around  the  tip  region  where  high  stress  concentration  is  anticipated.  This  finite 
element  model  was  subsequently  analyzed  by  NASTRAN  for  an  Ig  load  condition.  Proper 
resultant  forces  were  placed  on  the  rour  cut  boundaries  to  transmit  air  pressures  from 
tne  nose,  wings,  and  tail  assembly  which  were  om.itted  in  this  truncated  fuselage. 

Stress  concentrations  were  found  around  the  slot  tip  area  with  sufficient  intensity  suen 
tnat  a crack  would  form  at  this  point.  Catastrophic  failure  seems  certain  to  occur 
Dccause  tncre  is  no  crack  arresting  structural  member  in  the  propagation  path  between 
frames,  and  the  peak  stress  of  26000  psi  shown  in  Figure  13  would  increase  rapidly  as 
the  crack  enlarges. 


To  demonstrate  the  importance  of  the  patching  technique  which  provides  stress 
concentrat  .on  data,  another  analysis  was  made  on  a model  obtained  simply  by  rem.ving  the 
plate  elements  between  the  two  friunes  to  simulate  the  damage  inflicted  on  the  fuselage. 
This  simple  model,  Figure  14,  had  a cutout  wider  than  the  slot  but  was  bounded  on  four 
sides  by  smooth  edges.  KA5TRAN  analysis  revealed  much  higher  stresses  than  those  of  the 
ui'daunaged  model,  however,  no  danger  could  be  detected  for  amy  catastrophic  failure  in 
this  analysis.  This  contradictory  conclusion,  of  course,  was  not  totally  unexoected, 
especially  when  the  simple  model  had  a structurally  sound  configuration.  However,  it 
did  point  out  the  damger  of  under- mode ling  and  the  importance  of  a true  simulation. 

The  study  of  structural  vulner&bility  of  battle-damaged  aircraft  by  projectile  hits 
can  be  conveniently  treated  in  two  prase.  In  the  impact  fracture  phase  damage  criteria 
of  instamtaneous  failure,  i.e.  the  uj per  bottnd  of  vulnarabiliry,  are  of  interest.  Then 
the  assessatent  of  local  damages  to  the  structure  must  be  determined  for  subsequent 
survival  a-  ilyses.  The  prediction  methods  in  these  areas  are  inadequate  at  the  present 
time,  however,  some  guidelines  are  availad^le  for  a quick  estimate.  In  the  continued 
flight  phase  where  residual  strength,  loss  of  control,  dynamic  and  aerodynamic 
instabilities  eire  a concern,  the  finite  element  techniques  become  extremely  valuzdsle. 

To  attack  these  problems  two  distinct  finite  element  models  should  be  employed.  A 
"Static  Model"  with  sufficient  damage  details  can  be  developed  for  residual  strength 
analysis  while  a "Kinematic  Model",  being  m>*ch  simpler  than  the  former,  can  be  used  in 
the  emalyses  of  structural  response.  The  kinematic  model  is  definitely  the  cheaper  one 
to  run,  yet  would  yield  sufficiently  accurate  .'•esults  in  stiffness  or  dynamic  analysis. 
For  completeness,  many  different  analyses  murt  be  performed  on  a large  structure,  these 
models  must  be  carefully  designed  for  optimization  in  terms  of  accuracy’  and  economy. 


(6)  CXWCLUSION 

Using  the  preprocessors  PING  and  BING  together  with  NASTRAN,  finite  element 
techniques  can  now  be  applied  easily  and  rapidly  to  the  study  of  structural 
vulneradjility.  Precise  response  data  can  be  generated,  analyzed  for  t.he  residual 
strength  and  performance  of  the  damaged  vehicle. 

Patching  technique  has  been  applied  to  the  developnient  of  a finite  element  model  for 
a damaged  vehicle.  The  procedure  is  found  convenient  and  efficient.  Good  stress 
concentration  data  have  been  obtained. 


Modeling  to  truly  represent  a damaged  vehicle  is  an  important  task, 
he  over-  or  under-designed  for  economical  or  accuracy  reason. 


It  should  not 


aeferences 

1-  Huang,  Pao  C. , and  Matra,  John  P. , Jr.,  "Planform  Input  Generator  (PING),  A NASTRAN 
Preprocessor  for  Lifting  Surfaces-Theoretical  Development,  User’s  Manual,  and 
Program  Listing,"  NOLTR  71-109,  Naval  Ordnance  Laboratory  White  Oak,  Silver  Sprinc, 
MD,  Dec  1973 


Huang,  Pao  C- , and  Matra,  John  ?. , Jr.,  "Missile  Body  Input  Generator  (BING),  A 
NASTRAN  Preprocessor,  Theoretical  Dei’elopinent,  User's  Manual,  and  Program  Listing," 
NSwe/WOL/TR  75—9,  Naval  Surface  Weapons  Center,  White  Oak  Laboratory,  Silver  Sprinc, 
MD,  Mar  1975 


)0 


c 

? 

2 

t* 

I 


FS.1  A COMPia^  nHrn  ELEMENT  MODa 


FOR  BABORATE  STRUCTURAL  ANALYSIS 


DATA  GENERATION 

NA!iTRAN 

PMG /NASTRAN 

BASC  PLANFORM 
MFORMlTION 

1 OVERALL 
DWENSIONS 

ii  MESH  UYOUT 

M AERO  DATA 

TtF  «TtO  ^ 
PtESSURE  ' 

IMO  1 

m MID  POINTS 
2(0  ELEMENTS  . 

io»D  jj 

S MID  POINTS 

■n 

/ 1 
1 
1 

i 

1 

/ 

y j j 

/ / / / / , / , ■ ! , , , • ! 1 ! 1 

' ■ 1 « M ‘ I 

TWE 

(MAN  HOUR' 

NO  OF 
CARDS 

TIME 

IMAN  HOUR' 

NO  OF 
CAicOS 

CO«A*UTATION 

200 

0 

3 

0 

WRITE  - UPS  IN 
PROCRAM  FORMATS 

40 

0 

0 

CAHS  PUNCHING 

24 

1137 

5 

29 

VERIFICATION  AND 
CORRECTION  no*.  EST  I 

16 

114 

5 

3 

INPUT  CAROS  REO'O 

FOR  NASTRAN 

1137 

1137 

CARDS  MANUALLY 
PUNCHED 

1251 

32 

TOTAL  TIME  REOu'IRED 

360 

5 

FK.2  EFFCCNCY  OF  PtNG/NASTRAN 


<3 


REQUIRED  INPUTS  CAROS 


MQ9ES 


NASTiAN 

PIM 

277  6t« 
CAIGS 
230  CQUAD2 
30  CTRIA2 
236  PQUA02 
30  PTRIA2 

797 

17 

CAROS 

jsssamnu 


MseeBB— ■ 

JB^JW^IMUMSSSSSS^ 

jhsmimi 


BHa 


imnnHn 

iSBHBBa 

eEEEEET 


al:a  s.ra  > > al 


FIG.  7 FUm/^  WHTH  ENGIC  H(XISMG  DEVEUN^  BY 


FMITE  ELEMENT  MOOa  CROSS  SECTION 


m 8 mm  mmm  Mcoa  of  buit-up  wing  OEvaoPEo  by  ping 


ns.  9 COMPARISON  OF  THE  TNEORTKAL  AND  EXPERMCNTAL 
DATA  OF  A VBRATION  MOOa  OEVELOPEO  BY  PMG  AND  BMG 


R 


S: 


K 


to 


FMITE  BiMENT  MQOa  W WM6 

ROOT  sEcrm  oaeuTFi)  by  pmg 


PATCH  OF  CAaiiASCD  COMPONENTS 
generates  by  pmg  TO 

FIT  THE  CUT-OUT 


PUTE  ELEMENTS  AROUND  CCMPIETEO  FMITE  ELEMENT  MOOa 

DAMAGED  AREA  REMOVED  FOR  A DAMAGED  WMG 


i 


% 


I 


V 


no.  10  DEmOPMOn  OF  FMITE  BBKNT 
MOOa  FOR  A DAMAGED  WMG  YVITK  PMG 


nun  EUMCNT  MODEL  Of  OAMACEO  BOM  34  A WMC 


BOM  34  A OAMASEO  WMC  LOVER 


. CMC!  DM  10  3C  lew 


<.x  xx^  ^ »*r  X • 


RGLII  VULMMBUTY  STUTf  OF  A IWUMG^ 


DAMAGE  PATCH  FOP  FUSELAGE 


FUTTE  ElEMtNT  MOOa  OF 
A DAMAGED  FUSELAGE 


FK.  12  D0aOP»BfT  OF  flNTE  ELIlBfT 
FOR  A DAMAGED  FUSELAGE  Wmt  BING 


NATO  ^ OTAN 


7 RUE  ANCELLE  • 92200  NEUtLtY-SUR-SEINE 
FRANCE 

TcMphon*  74SM.10  . Tttex  6tOt76 


DISTRIBUTION  OF  UNCLASSIRED 
AGARD  PUBLICATIONS 


ACARD  does  NOT  hold  stocks  of  ACARO  publications  at  the  above  address  for  t^tal  distribution.  Initial  distribution  of  AGARD 
publications  is  made  to  AGARD  Member  Nations  throu|h  the  following  National  DMtibution  Centres.  Further  ccpies  are  sometintcs 
avxtlabie  from  these  Centres,  but  if  not  may  be  purchas^  in  MictoHche  or  iliotocopy  form  from  the  Purchase  Agencies  listed  below. 


Microfiche  or  fhotocopy 
National  Technical 
Information  Service  (NTIS) 
52d5  Port  Royal  Road 
Springfield 
Virginia  271  SI.  USA 


NATIONAL  DISTRIBUTION  CENTRES 
ITALY 

Aeronautica  Militare 

Ufficio  del  Delegato  Nazx.saSe  aO'AGARD 
3.  Piazzale  Adenauer 
Roma/EUR 
LUXEMBOURG 
See  Bel:^um 
NETHERLANDS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratory.  NLR 
P.O.  Bo*  126 
Delft 
NORWAY 

Norwegian  Defence  Research  Esrabluhinent 
Main  Library 
P 0.  Box  25 
N-2007  Kjeller 
PORTUGAL 

Dircccao  do  Servico  de  Malerul 
da  Forca  Aerca 
Rua  de  Escob  Politecnica  42 
Lisboa 

Attn.  AGARD  National  Delegate 
TURKE>” 

Department  of  Research  and  Development  (ARGE) 
Ministry  of  National  Defw'ce.  Ankara 
UNITED  KINGDOM 

Defence  Research  Information  Centre 
Station  Square  House 
St.  Mary  Cray 
Orpington.  Kent  BRS  3RE 

UNITED  STATES 

National  Aeronautics  anc  Space  Administration  (NASA). 

Langley  Field.  Virpnu  23365 

Attn  Report  Dbtnbution  and  Storage  Unit 

THE  UNITED  STATES  NATIONAL  DISTRIBUTION  CENTRE  (NASA)  DOES  NOT  HOLD 
STOCKS  OF  AGARD  PUBUCATIONS.  AND  APPUCATIONS  FOR  COPIES  SHOULD  BE  MADE 
DIRECT  TO  THE  NATIONAL  TECHNICAL  INFORMATION  SERVICE  (NTIS)  AT  THE  ADDRESS  BELO^’ 


BELGIUM 

Coordonnzteur  AGARD  . VSL 
Etai'M^or  de  b Force  Airiennc 
Caserne  Prince  Baudouin 
Place  DaiBy.  1030  Bruxelles 

CANADA 

Defence  Sctentific  Information  Service 
Department  of  National  Defetice 
Ottawa,  Ontario  KIA  OZ2 

DEI^MARK 

Danidt  Defence  Reseaixh  Board 
Ostetbrogidet  Kaaeme 
Copenhagen  0 

FRANCE 

OX.ER.A.  (Direction) 

29  Avenue  de  h 'Diviaon  Lederc 
92  Chitillon  sous  Bagneux 

GERMANY 

ZenrrabteDe  (ur  Luft-  und  Raumfahrt- 
dokumentation  und  .infonrution 
D-S  Munchen  86 
Postfach  860680 

GREECE 

Hellenic  Armed  Foims  Command 
0 Br.mch.  Adiens 

ICEUND 

Director  of  Avutior. 
c/o  Rugrad 
Reykjavik 


\ 


PUROIA^?  AGENCIES 
Microfiche 

Space  Documentation  Service 
Eutoivan  Space  Agency' 

1 14.  Avenue  Chailn  de  Gaulle 
<>2200  NeuiUy  sur  Seme.  France 


Microfiche 
Technology  Reports 
Centre  (OTl) 

Station  Square  House 
St.  Maty  Cray 
Orpington.  Kent  BR5  3RF 
Engbnd 

Rermests  for  nucrofiche  or  photocopies  of  ACARO  documents  should  include  the  AGARD  serul  .lumber,  title,  author  or  editor,  and 
punication  date.  Requests  to  NTIS  should  include  the  NASA  accession  report  number.  Full  bi’-itiographical  references  and  abstracts 

of  AGARD  publications  arc  pven  m the  following  jixiinals 


Scientific  and  Technical  Aerospace  Reports  (STAR), 
pubtidied  by  NASA  S.itntific  and  Te^nical 
infermation  Facility 
Post  Office  Box  8757 
Baltimore/Waihington  Intematioiul  Airport 
Marybnd  21240.  USA 


Government  Reports  Annour-.’ements  (GRA). 
published  by  the  National  Trchnical 
Information  Services.  Springfield 
N'lrginu  22151.  USA 


k 


Printed  by  Technical  Kdislng  And  Rcproduclkvi  Ltd 
Harford  Hour;.  7 9 Charlotte  St,  London  WIP  IHD 

ISBN  92-835-1224-3 


I <-  >>!.  ..  »■ .!  M Wii  t . owi  f.v  iiiiJi  MS  t|-ji  1 1 


